Abstract The dopamine (DA) transporter (DAT) and vesicular monoamine transporter (VMAT2) proteins interact as a biochemical complex to regulate dopaminergic neurotransmission. We have reported that HIV-1Tat (1 μM), DAT immunoreactivity was decreased in plasma membrane enriched fractions (P3) and increased in vesicle-enriched fractions (P4) relative to controls without change in total synaptosomal fractions (P2), suggesting that Tat-induced inhibition of DA uptake is attributable to DAT internalization. Although both DAT and VMAT2 proteins are essential for the regulation of DA disposition in synapse and cytosol, Tat inhibited the specific [ 3 H]DA uptake into vesicles (P4) and synaptosomes (P2) by 35 % and 26 %, respectively, inferring that the inhibitory effect of Tat was more profound in VMAT2 protein than in DAT protein. Taken together, the current study reveals that Tat inhibits DAT function through a PKC and trafficking-dependent mechanism and that Tat impacts the dopaminergic tone by regulating both DAT and VMAT2 proteins. These findings provide new insight into understanding the pharmacological mechanisms of HIV-1 viral protein-induced dysfunction of DA neurotransmission in HIV-infected patients.
Introduction
The prevalence of HIV-1-associated neurocognitive disorders (HAND) in HIV-1 positive individuals remains high (∼50 %), regardless of the success with treatments of antiretroviral agents effectively controlling viral replication and dramatically improving longevity (Robertson et al. 2007; Tozzi et al. 2007; Ernst et al. 2009 ). Notably, the incidence and severity of HAND are greatly enhanced (∼70 %) due to concomitant use of drugs of abuse such as cocaine (Norman et al. 2009 ), which has been postulated as a co-morbid factor in the susceptibility and progression of HAND (Larrat and Zierler 1993; Fiala et al. 1998; Webber et al. 1999; Buch et al. 2011) . While HIV-1 virus enters the brain and produces proviral DNA in the early stage of HIV-1 infection (Nath and Clements 2011) , anti-retroviral agents cannot prevent the production of HIV-1 viral proteins in infected brain cells (McArthur et al. 2010; Nath and Clements 2011) . HIV-1 viral proteins, such as Tat, have been detected in brains of patients with HIV-1 infection (Del Valle et al. 2000; Hudson et al. 2000; Lamers et al. 2010) , and have been implicated in the pathophysiology of HAND (Li et al. 2009 ). Moreover, Tat protein has been found to synergize with psychostimulant drugs in producing profound neural and behavioral impairments in preclinical models (Ferris et al. 2008) , consistent with the findings in the human HIV-1 positive drug abusing population (Larrat and Zierler 1993) . Unfortunately, there are no promising therapeutic approaches for such HIV-1-associated neurocognitive impairments.
The development of neurocognitive dysfunction in HAND patients is associated with perturbations of the central dopamine (DA) neurotransmission (Kumar et al. 2011; Meade et al. 2011a) . The DA system is a clinically relevant HAND target as evidenced by recent human imaging (Chang et al. 2008; Meade et al. 2011a) , neurocognitive (Kumar et al. 2011; Meade et al. 2011b) , and post-mortem examinations (Silvers et al. 2007; Kumar et al. 2009 ), that HAND is associated with vulnerability of the DA system. Limited studies have reported that DA levels are decreased in DA-rich brain area (Sardar et al. 1996; Kumar et al. 2009 ), but increased in the CSF (Scheller et al. 2010 ) of HAND patients. The DA transporter (DAT) is critical for DA homeostasis, which is critical for neurocognitive function (Chudasama and Robbins 2006) . DAT is a target for HIV-1 viral proteins (Hu et al. 2009; Zhu et al. 2009b ) and cocaine to impact the DA system (Zhu and Reith 2008) . We have demonstrated that Tat inhibits DA uptake in rat striatal synaptosomes and that influence of Tat on DAT ligand binding sites involves a protein-protein interaction (Zhu et al. 2009b ). In particular, we have shown that Tat allosterically inhibits DAT function and modulates cocaine binding sites on DAT in rat striatal synaptosomes and heterologous cells expressing human DAT (Zhu et al. 2011) .
The dynamic regulation of DAT function and cell surface localization of DAT are under the control of complex processes involving phosphorylation, protein-protein interaction, substrate pretreatment, and interaction with presynaptic receptors (Zhu and Reith 2008) . For example, activation of protein kinase C (PKC) results in reduced DA transport activity, decreased transporter recycling and DAT cell surface expression, thereby causing reduced DA uptake (Daniels and Amara 1999; Melikian 2004; Zahniser and Sorkin 2004) . On one hand, dynamic cell surface localization of DAT is regulated by cellular signaling pathways and endocytotic trafficking (Zhu and Reith 2008) . On the other hand, the DAT and vesicular monoamine transporter (VMAT2) proteins interact as a biochemical complex to regulate dopaminergic tone in response to motivationally relevant stimuli, including abused drugs (Vergo et al. 2007; Zhu and Reith 2008; Egana et al. 2009 ).
This study was aimed to understand the molecular mechanisms underlying Tat-induced decrease in DAT reuptake activity. The primary hypothesis tested here was that Tatinduced reduction of DA transport is attributable to acceleration of DAT endocytosis through the dynamic-trafficking and phosphorylation-dependent mechanisms and that both DAT and VMAT-2 functions contribute to Tat-induced impairment of DA neurotransmission.
Material and methods

Animals
Adult male Sprague-Dawley rats (225-250 g body weight) were obtained from Harlan Laboratories, Inc. (Indianapolis, IN). Rats were housed in standard polyurethane cages and provided normal rodent food (ProLab Rat/Mouse/Hamster Chow 3000) and water ad libitum. The colony was maintained at 21±2°C, 50±10 % relative humidity and a 12L: 12D cycle with lights on at 0700 h (EST). The animals were maintained according to the National Institute of Health (NIH) guidelines in AAALAC accredited facilities. Tat Cys22  (cysteine 22 was substituted to glycine, REP0032) were purchased from Diatheva (Fano, Italy). D-amphetamine, cocaine and Bisindolylmaleimide-I (BIM-I) were purchased from Tocris Biosciences (Ellisville, MO). Tetrabenazine (TBZ) was provided by NIMH Chemical Synthesis and Drug Supply Program (Bethesda, MD). Antibodies recognizing rat DAT (C-20; goat polyclonal antibody) and actin (C-2; mouse monoclonal antibody) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antigoat IgG horseradish peroxidase was purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Goat anti-mouse IgG-horseradish peroxidase was purchased from Santa Cruz Biotechnology, Inc. D-Glucose, L-ascorbic acid, WIN35,428, L-leucine, L-lysine, bovine serum albumin, pyrocatechol, EDC, HEPES, isopropanol, nomifensine maleate, pargyline hydrochloride, polyethylene glycol, sucrose, and Tween 20 were purchased from SigmaAldrich (St. Louis, MO).
Preparation of synaptosomes, subfractions and synaptic vesicles
Striata from individual rats were homogenized in 20 ml of ice-cold 0.32 M sucrose containing 5 mM NaHCO 3 , pH 7.4, with 16 up-and-down strokes using a Teflon pestle homogenizer (clearance, approximately 0.003 in.). Crude synaptosomal preparation was centrifuged at 2000g for 10 min at 4°C, and the resulting supernatants were then centrifuged at 20,000g for 15 min at 4°C. The resulting pellets (P2 fractions) were resuspended in 5 ml of ice-cold Krebs-Ringer-HEPES assay buffer (final concentration in mM: 125 NaCl, 5 KCl, 1.5 MgSO 4 , 1.25 CaCl 2 , 1.5 KH 2 PO 4 , 10 D-glucose, 25 HEPES, 0.1 EDTA, 0.1pargyline, and 0.1 L-ascorbic acid, saturated with 95 % O 2 , 5 % CO 2 ; pH 7.4) for the synaptosomal [ 3 H]DA uptake. To determine the distribution of DATs in subcellular fractions after exposure to Tat, striata from every two rats were pooled to achieve sufficient vesicles and the subcellular fractions were prepared using a previously published method with minor modifications (Middleton et al. 2007 ). Striata were homogenized in ice-cold 0.32 M sucrose buffer using a Teflon pestle homogenizer and then centrifuged at 800g for 12 min, 4°C. The resulting supernatant (S1) was centrifuged at 22,000g for 15 min at 4°C to yield a crude synaptosomal pellet (P2). The P2 pellet was then resuspended in DA uptake assay to obtain synaptosomes. In order to determine whether Tat (1 μM)-induced decreases of [ 3 H]DA uptake, as observed in our previous report (Zhu et al. 2009b) , was associated with a reduction of DAT expression in plasma membrane, half of the synaptosomes were preincubated with Tat (1 μM), and the other half were preincubated without Tat 1-86 as control at 34°C for 15 min. This concentration of Tat 1-86 was chosen based on our previous report showing that the inhibitory effect of Tat (1 μM) on DA uptake was reversible (Zhu et al. 2009b ). Subsequently, the synaptosomal samples were centrifuged at 22,000g for 15 min at 4°C and synaptosomes in the pellets (P2) were then lysed in ice-cold 25 mM HEPES, pH 7.5, and 100 mM potassium tartrate (pH 7.4) plus phosphatase inhibitor cocktails I (P2850, Sigma-Aldrich, St. Louis, MO) and protease inhibitor cocktail (P8340, Sigma-Aldrich, St. Louis, MO). After thorough mixing of all contents, the resulting mixture was centrifuged at 20,000g for 15 min at 4°C to get the plasma membrane enriched (P3) and vesicle-enriched supernatant (S3). The S3 was then centrifuged at 100,000g for 45 min at 4°C to yield the cytoplasmic vesicles pellet (P4). The three fractions (P2, P3, and P4) were used for Western blot assay. Protein concentrations were determined by the Bradford protein assay (Bradford 1976 ) using bovine serum albumin as the standard (Bio-Rad Laboratories, Hercules, CA).
Synaptosomal [
3 H]DA uptake [ 3 H]DA uptake was determined using previously described methods (Zhu et al. 2009b) . Assays were performed in triplicate with a final volume of 1 mL. Aliquots of striatal synaptosomes were preincubated in assay buffer containing BIM-I (100 μM, final concentration) at 34°C for 5 min in an oxygenated metabolic shaker, and then incubated with amphetamine (20 μM, final concentration) or Tat (0.7 μM) for an additional 15 min. The concentration of BIM-I was chosen based on the previous report showing that BIM-I (100 μM) alone did not show inhibitory effect on [
into rat striatal synaptosomes (Richards and Zahniser 2009) . A low concentration of Tat (0.7 μM) was chosen because our previously published study (Zhu et al. 2009b ) has demonstrated that Tat at both 0.7 and 1.0 μM concentrations significantly decreases [ 3 H]DA uptake by 21 % and 26 %, respectively. The purpose of the experiment was to determine whether Tat-induced decrease in DAT function is PKC-dependent. We selected the low concentration because it was sufficient to elicit a significant decrease in DA uptake for the PKC experiment. Subsequently, the synaptosomes were centrifuged at 20,000g for 15 min and the resulting pellets were resuspended with ice cold assay buffer. Aliquots of the well-washed synaptosomes were incubated with 5 nM [ 3 H]DA (final concentration) at 34°C for 10 min. The reactions were terminated by the addition of 3 ml of ice-cold assay buffer. Nonspecific uptake was determined in duplicate at each [ 3 H]DA concentration by including 10 μM nomifensine in the assay buffer. Samples were filtered through Whatman GF/B glass fiber filters (Whatman, Maidstone, UK), presoaked with assay buffer containing 1 mM pyrocatechol. Filters were washed three times with 3 ml of ice-cold assay buffer containing 1 mM pyrocatechol using a Brandel cell harvester (model M-48; Biochemical Research and Development Laboratories Inc., Gaithersburg, MD). Pyrocatechol (catechol) is a catechol-O-methyltransferase inhibitor. In the current study, pyrocatechol (1 mM) was included in the DA uptake assay buffer to prevent the degradation of [ 3 H]DA during the processes of washes and harvesting (Zhu et al. 2004) . Radioactivity was determined using liquid scintillation spectrometry (model Tri-Carb 2900TR; PerkinElmer Life and Analytical Sciences).
Vesicular [ 3 H]DA uptake
To determine inhibitory effects of Tat on VMAT-2 function, vesicular [ 3 H]DA uptake was measured using previously described methods ). In brief, assays were performed in duplicate with a final volume of 250 μl. For the competitive inhibition experiment, aliquots of P4 suspensions were preincubated in VMAT-2 assay buffer (final concentration in mM: 25 HEPES, 100 potassium tartrate, 0.05 EGTA, and 0.1 EDTA, 1.7 ascorbic acid, and 2 ATPMg 2+ , pH 7.5) containing Tat, Tat Cys22 or TBZ (final concentration, 0.1 nM-10 μM) at 34°C for 15 min in an oxygenated metabolic shaker and subsequently incubated with a fixed concentration of [ 3 H]DA (1 μM, final concentration) at 34°C for additional 8 min. To determine if Tat differentially inhibits DAT and VMAT-2 function, in a separate experiment, synaptosomes were preincubated with 1 μM Tat at 34°C for 15 min. Subsequently the synaptosomes were washed with fresh ice-cold assay buffer, and P2 and P4 fractions were then separated as described above. Aliquots of P4 fractions were incubated in the assay buffer with 1 to 8 concentrations of [ 3 H]DA (0.03-5 μM) at 34°C for 8 min. Nonspecific uptake was determined in the presence of 10 μM TBZ. Reactions were terminated by addition of 1 ml of cold wash buffer (assay buffer containing 2 mM MgSO 4 substituted for the ATP-Mg 2+ , pH 7.5) and rapid filtration through Whatman GF/B filters soaked previously in 0.5 % polyethylenimine. Filters were washed 3 times with the VMAT-2 assay buffer and radioactivity was measured using a liquid scintillation counter.
Western blots
Proteins were extracted from each fraction (P2, P3 and P4) as described above with the Laemmli sample buffer (SigmaAldrich, St. Louis, MO) containing phosphatase inhibitor cocktail 1 (P2850, Sigma-Aldrich, St. Louis, MO) and protease inhibitors (P8340, Sigma-Aldrich, St. Louis, MO) and boiled for 5 min. To detect the immunoreactive DAT protein in these fractions, samples were subjected to gel electrophoresis and Western blotting. Proteins were separated by 10 % SDS-polyacrylamide gel electrophoresis for 60 min at 150 V and transferred to Immobilon-P transfer membranes (Millipore, Billerica, MA) in transfer buffer (50 mM Tris, 250 mM glycine, and 3.5 mM SDS) using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad Laboratories) for 110 min at 72 V. Transfer membranes were incubated with blocking buffer (5 % dry milk powder in phosphate-buffered saline containing 0.5 % Tween 20) for 1 h at room temperature, followed by incubation with goat polyclonal DAT antibody (1 μg/ml in blocking buffer) overnight at 4°C. Transfer membranes were washed five times with wash buffer (phosphate-buffered saline containing 0.5 % Tween 20) at room temperature and then incubated with rabbit antigoat DAT antibody (1:2500 dilution in blocking buffer) for 1 h at 22°C. Blots on transfer membranes were detected using enhanced chemiluminescence and developed on Hyperfilm ECL-Plus (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). After detection and quantification of the DAT protein, each blot was stripped in 10 % Re-blot plus mild antibody stripping solution (Millipore Bioscience Research Reagents, Temecula, CA) for 20 min at room temperature and reprobed for detection of actin. Actin was used as an intracellular control protein to monitor protein loading between samples and determined using a mouse monoclonal antibody (1:1000 dilution in blocking buffer). Multiple autoradiographs were obtained using different exposure time, and immunoreactive bands within the linear range of detection were quantified with densitometric scanning (Scion Image software; Scion Corporation, Frederick, MD). Band density measurements, expressed as relative optical density, were used to determine levels of the DAT immunoreactivity in synaptosomes.
[ cocaine, final concentration) was subtracted from total binding to calculate the specific binding. Assays were terminated by rapid filtration onto Whatman GF/B glass fiber filters, presoaked for 2 h with the assay buffer containing 0.5 % polyethylenimine, using a Brandel cell harvester. Filters were rinsed three times with 3 ml of ice-cold assay buffer. Radioactivity remaining on the filters was determined by liquid scintillation spectrometry.
Data analysis
Data are presented as mean±S.E.M., and n represents the number of independent experiments for each experiment. The effect of BIM-I on Tat-induced changes in DA uptake was analyzed by one-way ANOVA. To determine whether the Tat-induced down-regulation of DAT function was mediated by activation of PKC, synaptosomes were preincubated with the PKC inhibitor BIM-I (1 μM) for 5 min prior to incubation with amphetamine (20 µM) or Tat (0.7 µM) for additional 15 min. Amphetamine was used as a positive control, because the previous report has shown that amphetamine-induced down-regulation of DAT activity was blocked by preincubation of BIM-I (Richards and Zahniser 2009). As shown in Fig. 1 Fig. 3 ). The levels of DAT immunoreactivity were increased in P4 and decreased in P3 without changes in P2 in Tat-exposed samples compared to the respective controls. * P <0.05, paired Student's t-test Fig. 5 ). TBZ was used as a positive control for the [ 3 H]DA uptake assay and had an IC 50 value of 9.8±0.7 nM. Tat Cys22 was a negative control for the assay, which showed no inhibitory effect on vesicular [ 3 H]DA uptake across the concentration range from 0.1 nM to 10 μM.
Discussion
We have reported previously that Tat protein induced decrease of [ 3 H]DA uptake in rat striatal synaptosomes (Zhu et al. 2009b ). The current study investigated the mechanism of this Tat-induced impairment of DAT activity. This study also determined the effect of Tat on VMAT-2 function. The results provide evidence that the Tat-induced decrease in DA uptake is ascribed to a DAT trafficking-and phosphorylationdependent mechanism. Further, we demonstrated that Tat inhibited not only DAT activity but also VMAT-2 function. These findings provide new insight into understanding the molecular mechanisms of HIV-1 viral protein-induced dysfunction of DA neurotransmission in HIV-1 infected patients.
The present results are in agreement with previous work showing that in vitro exposure of rat striatal synaptosomes to Tat protein leads to a decrease in DAT uptake function (Wallace et al. 2006; Zhu et al. 2009b) . In this study, while a PKC inhibitor, BIM-I, alone had no effect on DA uptake, Tat (0.7 μM)-induced decrease (21 %) in specific [ 3 H]DA uptake was ablated by BIM-I. Similarly, preincubation of the synaptosomes with BIM-I completely blocked amphetamineinduced decrease (31 %) in [ 3 H]DA uptake, which is consistent with a previous report (Richards and Zahniser 2009 ). Therefore, compared to amphetamine, Tat produces a similar regulatory effect on DAT uptake function through a PKCdependent mechanism. It has been well documented that exposure to amphetamine results in DAT internalization or reduced DA uptake in cell lines expressing DAT and synaptosomes (Chen et al. 2010 ). Also, DAT shows a time-dependent, biphasic trafficking pattern in vitro and in vivo upon shortand long-exposure to amphetamine (Chen et al. 2010) . For example, rapid treatment (less than 1 min) of rat striatal synaptosomes with amphetamine increased DAT surface expression (Furman et al. 2009 ), whereas a prolonged stimulation (30-60 min) led to reductions of surface DAT (Gulley et al. 2002; Johnson et al. 2005; Thwar et al. 2007) , indicating that rapid amphetamine-induced DAT surface expression may contribute to amphetamine-induced DA efflux. While the current results and previous studies (Cervinski et al. 2005; Gorentla and Vaughan 2005; Richards and Zahniser 2009) have demonstrated that amphetamine-induced reduction of DA uptake can be blocked by pretreatment of BIM-I, it was reported that amphetamine-induced reduction in surface DAT in human DAT-PC12 cells was not inhibited by BIM-I (Boudanova et al. 2008) , suggesting that amphetamine regulates DAT activity through a PKC-independent pathway. In contrast, this study shows that Tat decreased DA uptake via activation of PKC pathway. Importantly, we have demonstrated that the influence of Tat on DAT function involves a protein-protein interaction between Tat and DAT (Zhu et al. 2009b ) and that Tat acts as an allosteric modulator of DAT rather than as either a reuptake inhibitor (e.g. cocaine) or a substrate releaser (e.g. amphetamine) (Zhu et al. 2011) . Allosterism has been shown to be responsible for the conformational transitions via substrate-and ligand-binding sites on the DAT (Shan et al. 2011) . Tat-induced inhibition of DA transporting may involve a change in the DAT conformation that requires DAT phosphorylation. Previous studies suggest that Tat protein and amphetamine synergistically impair DAT function in vitro (Cass et al. 2003; Theodore et al. 2006 ) and in vivo (Kass et al. 2010) ; however, underlying mechanism(s) are unclear. To investigate the synergistic effects of Tat and amphetamine on DAT function and trafficking will be an essential task in our future study.
In the current study, exposure to Tat (0.7 μM) for 15 min decreased [
3 H]DA uptake activity in rat synaptosomes. In general, Tat-induced decrease of DA transport could be accomplished in several manners: increased DAT protein degradation, decreased turnover rates of DAT, or changes in DAT trafficking on the cell surface expression without changes in total DAT immunoreactivity. To validate these potential mechanisms, first, we have demonstrated that a 15-min exposure to Tat 1-86 induced a rapid and reversible decrease in V max of [ 3 H]DA uptake without changes in total DAT levels (Zhu et al. 2009b) , suggesting that Tat-induced reduction in V max of DA uptake is not caused by DAT degradation. Second, transporter turnover rate, which reflects the number of DA molecules transported per second per site (Lin et al. 2000) , was determined and shown that 15-min exposure of synaptosomes to 1 μM Tat did not alter the ratio of V max for [ (Zhu et al. 2009b ). The current results display that the levels of DAT immunoreactivity were increased by 49 % in vesicle-enriched fractions (P4) and decreased by 46 % in plasma membrane enriched fractions (P3) without changes in total synaptosomal fractions (P2) in Tat-exposed samples compared to the respective controls. These data indicate that exposure to Tat results in a redistribution of DAT from the cell surface to intracellular compartments (i.e. internalization) and that loss of DAT from the plasma membrane is responsible for the decrease in V max observed after Tat exposure.
The efficiency of DA transport depends on the number of DAT molecules expressed on the plasma membrane, which is regulated by a dynamic-trafficking mechanism (Zhu and Reith 2008) . This has been consistently reported in a number of studies using cells expressing DAT (Saunders et al. 2000; Chi and Reith 2003) and rat striatal synaptosomes (Chi and Reith 2003; Zhu et al. 2005 Zhu et al. , 2009a . Changes in DAT dynamics in plasma membranes can be detected using either biotinylation assay (Zhu et al. 2005 (Zhu et al. , 2009a or subfractionation method (Middleton et al. 2007 ). In the current study, a 49 % decrease in DAT surface expression (P3) was not comparable to the magnitude (26 %) of the decrease in V max for [ 3 H]DA uptake in rat striatal synaptosomes demonstrated in our previous report (Zhu et al. 2009b ). This result is also supported by ]DA uptake was determined in the presence of 10 μM nomifensine. All curves were best fit to a single class of binding site and generated by nonlinear regression expression were less than (Zhu et al. 2009a) or similar (Zhu et al. 2005) to the magnitude of the changes in V max for [ 3 H] DA uptake. Trafficking of plasma membrane transporters is associated with changes in posttranslational modifications of the DAT protein, including phosphorylation states and protein-protein interactions (Sager and Torres 2011) . Therefore, the current results infer that Tat-induced great decrease of DAT expression in plasma membranes could be regulated by both phosphorylation (i.e. PKC-dependent mechanism) and protein-protein interactions (e.g. allosteric modulation). In contradiction with our results, 30-min exposure of PC12 cells expressing human DAT to 120 nM Tat 1-86 increased (24 %) DA uptake using measurement of the fluorescence ASP+, which was accompanied by a profound increase (177 %) in plasma membranes and a minor decrease (14 %) in cytoplasmic membranes compared to respective controls (Perry et al. 2010) . The contrasting results might be due to differences in DAT expression models (rat synaptosomes versus a human DAT cell line), Tat concentration, exposure time and methodology. Tat-induced changes in DAT surface levels could arise from increased PKCmediated endocytosis, decreased DAT recycling rates, or both. Rat synaptosomes express DAT endogenously and have less surface DAT expression compared to DAT expressed in heterologous cells such as PC12 cells (Johnson et al. 2005; Boudanova et al. 2008 ). In addition, synaptosomes exhibit fast DAT recycling rates for basal DAT levels in plasma membranes, whereas the PC12 cells overexpressing DAT have slow DAT recycling rates (Johnson et al. 2005; Boudanova et al. 2008 ). These differences may, at least in part, contribute to the contrasting results between the current study and the previous report (Perry et al. 2010) . Nevertheless, the results from Perry et al.'s study demonstrate that increased membrane DAT may be a compensatory response to decreased transporting efficiency of individual DAT (Perry et al. 2010) .
Another important finding from this study is that Tat inhibited not only DAT function and trafficking but also VMAT-2 function. Although both DAT and VMAT-2 proteins are essential for the regulation of DA disposition in the synapse and cytosol, our data show that the inhibitory effects of Tat are more profound in VMAT2 protein than in DAT protein. Moreover, the potency of Tat for inhibiting synaptosomal [
3 H]DA uptake (IC 50 03.1 μM) (Zhu et al. 2009b ) is 15-fold higher than that for inhibiting vesicular [ 3 H]DA uptake (IC 50 00.21 μM). Thus, VMAT-2 protein may play a more critical role in Tat-induced alterations of extracellular DA concentrations. In the current study, the affinity of TBZ, a highly selective compound for VMAT-2 (Erickson et al. 1996) was about 20-fold greater than that of Tat protein. Interestingly, our recent study shows that the influence of Tat on DAT ligand binding sites involves a protein-protein interaction and that a mutation of Tat (Cys22Gly) significantly attenuates Tat-induced inhibitory effects on DA transport (Zhu et al. 2009b ). In addition to influencing DAT function, the current study demonstrates that this mutant of Tat (Cys22Gly) also attenuates Tatinduced decrease in VMAT-2 function. Together, these findings suggest that the residue (Cys22) of Tat may share a favorable inter-molecular interaction between Tat protein and human DAT (or VMAT-2). Furthermore, this result also suggests that Tat protein may cause synergistic effects on impairing DA neurotransmission by inhibition of both DAT and VMAT-2 proteins. At the functional level, plasma membrane DAT translocates substrates through a sodium-and chloride-dependent mechanism (Rudnick and Clark 1993; Gu et al. 1994) , whereas vesicular transporters use the proton electrochemical gradient across the vesicular membrane to transport monoamines (Johnson 1988 ). Many DAT inhibitors have an ability to rapidly regulate VMAT-2 localization and function (Fleckenstein et al. 2009 ). For example, methamphetamine leads to releases of DA from synaptic vesicles into the cytosol via an interaction with the VMAT2 and by disruption of the vesicular proton gradient (Sulzer et al. 1995; Fleckenstein et al. 2007 ). Subsequently, available cytosolic DA is reversely transported by the DAT into the extracellular space (Sulzer et al. 1995) . Co-exposure to Tat and methamphetamine produces synergistic effects on impairing DA terminals (Theodore et al. 2006 ) and methamphetaminemediated behavior (Kass et al. 2010) . Thus, the current results provide a mechanistic basis to interpret the synergistic effects of Tat and methamphetamine.
HIV-1 associated dementia and neurocognitive disorder progress gradually over months or years. Such long time intervals are not practical or feasible for in vitro determination of long-term alteration of DAT function. Hence, we investigated acute effects of Tat exposure on DAT dynamics. Using this in vitro model, we have found that 15-min exposure of synaptosomes to Tat (1 μM) caused a reversible reduction of DA uptake, whereas 60-min Tat exposure greatly inhibited DA uptake that was not reversible (Zhu et al. 2009b) . It is possible that reduction of DA uptake and plasma membrane DAT in response to a short-term Tat exposure is a protective mechanism against the build-up of toxic levels of DA, whereas a long-term Tat exposure accelerates DAT degradation. Excessive levels of cytosolic DA and its oxidative products can be toxic to dopaminergic neurons and are postulated to contribute to the development of HIV-associated dementia and neurocognitive disorders (Mosharov et al. 2009 ). HIV-1 infection causes the hallmark decrease in CD4 + T cells, which results from programmed cell death, apoptosis (McCune 2001) . Tat protein released from infected cells can induce apoptosis in uninfected bystander T cells or neurons (New et al. 1997 ) and these cells subsequently become toxic cells and can destroy other bystander cells (Campbell and Loret 2009) . While the present study has provided evidence that in vitro exposure of rat synaptosomes to Tat functionally regulates DAT function and trafficking, it also indicates potential roles of Tat in dynamic regulation of DAT in vivo. Given that Tat can be absorbed by non-infected neurons, our results infer that Tat-induced decrease in DAT function and cell surface expression in this in vitro model may continue to produce long-term impairments of dopaminergic terminals in in vivo models. Several studies have reported that continued presence of HIV-1 viral proteins may be not required for Tat-induced long-term process of neurotoxicity. For example, an exposure to Tat for a few minutes was sufficient for sustained releases of cytokines for several hours (Nath et al. 1999) ; following a single intraventricular injection of Tat in rats, progressive glial activation and macrophage infiltration could maintain for several days, whereas Tat was undetectable in the brain a few hours after the injection (Jones et al. 1998) . Further, an exposure of Tat for only milliseconds is adequate to induce prolonged depolarization in neurons (Magnuson et al. 1995) . Therefore, it is possible that a transient exposure to Tat in dopaminergic target proteins, such as DAT, may share a similar "hit and run" phenomenon to initiate a cascade of events, leading to progressive neuropathogenesis, such as HIV-1 associated dementia (Wang et al. 2004 ).
In conclusion, Tat protein exposure led to changes of DAT and VMAT2 function and expression in rat striatal synaptosomes. The Tat-induced reduction of DAT uptake function is mediated by DAT trafficking-and PKCdependent mechanisms. These findings may have important implication for preclinical studies of the role of DAT and VMAT-2 in drugs of abuse in HIV-1 infected individuals. Future studies will be necessary to investigate how DAT interacts with VMAT-2 to promote Tat-induced dysfunction of DA neurotransmission and which DAT residues are required for interactions of Tat and DAT.
